Purpose: To investigate the safety of gadoterate meglumine and identify the incidence of nephrogenic systemic fibrosis (NSF). Materials and Methods: An international prospective observational study was conducted from November 2008 to June 2013. A total of 35,499 adults and children who were scheduled to undergo contrast-enhanced MRI using gadoterate meglumine were analyzed (female, 53.1%; mean age: 49.5 years; range: 0-98 years). At least 3-month follow-up was planned for patients with an estimated creatinine clearance or glomerular filtration rate <60 mL/min (/1.73 m2) to detect any suspicion or occurrence of NSF. Adverse events (AEs) were prospectively recorded. Demographic data, risk factors, indications for MRI examinations, characteristics of gadoterate meglumine administration, and efficacy were documented. Results: MRI examinations were mainly for central nervous system (61%). The most frequent risk factor was renal insufficiency (14.7%). Seventy AEs were observed in 44 patients (0.12%). Among the 70 AEs, 38 in 32 patients (0.09% of all patients) were considered related to gadoterate meglumine and classified as adverse drug reaction (ADR).The most frequent ADRs were urticaria (9 patients, 0.03%), nausea (7 patients, 0.02%), and vomiting (4 patients, 0.01%). Within the pediatric population (1,629 patients), only one AE (vomiting) was observed. Nine adult patients (0.03%) experienced serious AEs. Moderate to severe renal insufficiency at inclusion was reported in 514 patients (1.5%). Among them, 476 (92.6%) were followed-up. No patients were suspected of having NSF and no cases of NSF were observed. Conclusion: Our study confirms the excellent safety profile of gadoterate meglumine in routine practice. Level of Evidence: 1 J. MAGN. RESON. IMAGING 2017;45:988-997 View this article online at wileyonlinelibrary.com.
M RI is now a pivotal examination for the assessment of a variety of pathological conditions involving many organs. [1] [2] [3] [4] [5] [6] Although unenhanced MRI can be a diagnostic solving tool in some indications, contrast-enhanced MRI is often needed to improve lesion detection and characterization and heighten confidence in diagnosis. In addition, in some specific areas MRI with intravenous (IV) administration of gadolinium-based contrast agent (GBCA) remains the standard of reference for MRI. [1] [2] [3] [4] [5] [6] Several reports have raised concerns regarding the use of GBCA because of the occurrence of nephrogenic systemic fibrosis (NSF) and acute, immediate adverse reactions after IV administration of GBCA. [7] [8] [9] [10] However, the majority of these reports were retrospective so that the actual incidence of AEs along with that of NSF has not been fully addressed, or were based on single-site or single-country practices. Only a few large, prospective and multicenter studies were published recently, 11, 12 and no multinational evaluation of the safety of gadoterate meglumine in routine practice is available yet.
Gadoterate meglumine is a macrocyclic paramagnetic GBCA with high thermodynamic stability. 13 Gadoterate meglumine is commercially available in Europe since 1989 and its use has been approved in more than 80 countries for numerous indications. 12, [14] [15] [16] [17] Gadoterate meglumine was approved in the United States in 2013 for imaging cerebral and spinal lesions and associated tissues with disrupted blood-brain barrier and/or abnormal vascularity in adults and children above 2 years.
The primary goal of this study was to prospectively investigate the safety of gadoterate meglumine in observational conditions. The study included countries that are less frequently represented in published studies with gadoterate meglumine or any other GBCA despite being emerging major users of GBCAs such as China and India, and thus could provide more recent and representative safety data. The secondary goal was to assess the overall incidence of NSF in patients with renal impairment who received IV administration of gadoterate meglumine for MRI.
Materials and Methods

Study Design
This prospective, observational, international study was designed to assess the safety and efficacy of gadoterate meglumine for MRI examinations in a large, unselected population with regard to demography, risk factors, and indications for MRI examination.
The study was performed from November 2008 to June 2013, inclusively in 118 centers in 10 countries: Argentina, Austria, China, France, Germany, India, Italy, Saudi Arabia, Spain, and United Kingdom. The centers were selected for their routine use of gadoterate meglumine for at least 100 MRI examinations per year. Local ethical committees approved the study protocol. Patients received clear information about the study before agreeing to participate and written informed consent was obtained when required. The study was registered on https://clinicaltrials.gov with identifier NCT01523873.
Patient Selection
Enrolled patients were consecutive adult patients (age 18 years) and children (age < 18 years) with or without renal impairment who were scheduled to undergo routine MRI with IV administration of gadoterate meglumine. A patient was not included in case of contra-indication to MR examination or contra-indication to gadoterate meglumine administration as defined in the local Summary of Product Characteristics.
Gender, age, body weight, renal function, and estimated creatinine clearance (eCC) or estimated glomerular filtration rate (eGFR) values, risk factors at inclusion, indications for MRI examination, and details regarding administration of gadoterate meglumine were recorded on a standardized data collection form for each individual patient.
Contrast Agent
Gadoterate meglumine or gadoteric acid (DotaremV R , Guerbet, Roissy-Charles de Gaulle, France, or MagnescopeV R , Guerbet) is a macrocyclic and ionic gadolinium-based molecule with a molecular weight of 753.86 g/mol on anhydrous basis and a concentration of 0.5 mmol/mL. This GBCA has a predominant renal elimination and a mean (6standard deviation [SD]) plasma elimination halflife of 91 6 14 min, similar to that of iodinated contrast agents (CAs). 16 In each participating center, IV administration of gadoterate meglumine was performed according to local standard protocols, based on the recommended dose of 0.1 mmol/kg of body weight (i.e., 0.2 mL/kg); this dose was further referred as to the "standard dose."
Safety Monitoring
All included patients who received gadoterate meglumine were followed up in each center and AEs were recorded with details regarding diagnosis, onset date, severity (mild, moderate, or severe) and outcome. The local principal investigator assessed the likelihood that an AE was related to gadoterate meglumine as follows: not related, related (doubtfully or possibly), or not assessable. AEs doubtfully or possibly related to gadoterate meglumine were defined as adverse drug reactions (ADRs). All AEs were classified according to the Medical Dictionary for Regulatory Activities (MedDRA) index terms. 18 The data were recorded by the local investigators in 8/10 countries and on-site monitoring was performed in 2/10 countries (China and India) by clinical research associates according to local regulations applicable to observational studies.
Patients with at least moderate renal impairment at inclusion (i.e., eCC < 60 mL/min or eGFR < 60 mL/min/1.73 m 2 or kidney transplant) were entered into a specific safety assessment protocol. Local investigators sent a specific follow-up questionnaire to the referring physician for completion and return after at least 3 months after IV administration of gadoterate meglumine to detect any symptoms or signs suggestive of NSF. More specifically, the referring physician was asked to examine the skin (presence of burning or itching, darkened patches, papules and subcutaneous nodules on extremities and trunk; painful skin swelling, hardening, and/or tightening), the eyes (yellow scleral plaques), the bones, the joints and muscles (presence of joint stiffness; limited range of motion in the arms, hands, legs, or feet; deep pain in the hip bone, or ribs; muscle weakness; calcifications of soft tissues), and to report presence of systemic fibrosis. This timeframe was determined based on the average time of occurrence of NSF as reported in the literature. 15, [19] [20] [21] 
MRI and Assessment of Examination Efficacy
MRI examinations were performed with commercially available equipment according to standard protocols. Indications for MRI were classified as follows: (1) central nervous system (head/neck, brain, or spinal cord); (2) musculoskeletal system (bones/joints or soft tissues); (3) angiography (carotid arteries, renal arteries, aortoiliac arteries, lower limb arteries, or other arteries); (4) body (liver, kidney, pancreas, pelvis, lung, heart, or breast); or (5) others.
MRI efficacy was evaluated in terms of image quality which was graded using a five-point scale from 0 (very poor) to 4 (very good) and diagnostic yield that was evaluated in a binary manner (diagnostic or not diagnostic).
Statistical Analysis
Statistical analysis was performed with SAS version 9.3 software (SASV R Institute Inc., Cary, NC). Descriptive statistics were calculated for all variables. Quantitative (continuous) data included means, standard deviations (SD), medians, and ranges. Qualitative (binary) data included raw numbers, frequencies, and 95% confidence intervals. Subgroup analysis was performed for several variables to identify predictive factors of AEs.
Qualitative variables were compared with the v 2 or Fisher exact test. Quantitative variables were first tested for normality in distribution. The Mann-Whitney test was used to search for differences in variables when the variables were not normally distributed. Student t-test was used when the continuous variables were normally distributed. All statistical tests were two-tailed and significance was set at P < 0.05.
Results
Demographics and MRI Examination Characteristics
Completed patient questionnaires were received for 35,921 patients and 422 (1.2%) were excluded due to major deviations (compliance issues, n 5 419; retrospective inclusion, n 5 3); none of them corresponded to patients with AEs or suspicion of NSF. The remaining 35,499 patients (98.8%) were included in the "study" population used for description of demography and MRI indications; of them 35,474 patients (98.8% of received questionnaires) could be analyzed for safety (including risk factors, IV administration of gadoterate meglumine, AEs, ADRs, detection of NSF suspicion). Of these, 34,572 patients (96.2% of received questionnaires) had efficacy data available (efficacy population). Figure 1 shows the flow diagram of patients through the study.
The main recruiting countries were Germany (9988 patients; 28.1% patients), France (7692 patients; 21.7% patients), China (7064 patients; 19.9% patients), and India (6803 patients; 19.2% patients). Demographic data of patients according to participating country are given in Table 1 . Among the 35,499 included patients, 46.9% were men and 53.1% were women. The patients had a mean age of 49.5 years 6 17.9 (SD) (median, 50 years; range: 0-98 years). The pediatric population included 1631 patients (4.6%). The patients had a mean body mass index (BMI) of 24.99 kg/m 2 6 5.33 (SD); 87.5% of patients had a BMI < 30 kg/m 2 and 12.5% a BMI 30 kg/m 2 .
Indications for MRI examinations included central nervous system (61.0%), body (25.2%), musculoskeletal (14.3%), angiography (4.1%), or other organs (4.8%). A majority of patients (61.9%) had no risk factors. The most frequently reported risk factor was renal impairment (14.7%) ( Table 2) . A previous reaction to CAs, either with GBCAs or iodine-based CAs, was reported in 407 patients (1.2%); they included previous reactions to GBCAs (42 patients), previous reactions to iodine-based contrast agents There were more adult than pediatric patients at risk for each individual risk factor (P < 0.001). Risk factor frequency varied according to gender. Risk factors were significantly more frequent (P < 0.001) in patients with BMI 30 kg/m 2 except for previous reaction to CAs. Premedication was given in 1.9% of patients.
The mean total volume of injected gadoterate meglumine was 14.01 mL 6 4.98 (SD) (median, 15.00 mL; range: 0.5-53.0 mL). The mean dose of gadoterate meglumine was 0.21 mL/kg 6 0.07 (SD) (median, 0.20 mL/kg; range: 0.02-2.1 mL/kg). In the pediatric population, the mean total volume was 7.53 mL 6 4.50 (SD) (range: 0.5-36.0 mL) and the mean dose was 0.24 mL/kg 6 0.14 (SD) (range: 0.0-2.1 mL/kg). In the adult population, the mean total volume was 14.32 mL 6 4.78 (SD) (range: 0.80-53.00 mL) and the mean dose was 0.21 mL/kg 6 0.07 (SD) (range: 0.02-1.0 mL/kg). The median dose was the same (0.20 mL/kg) in the adult and pediatric population. Regarding BMI, the mean dose was greater in nonobese patients (BMI < 30 kg/ m 2 ) than in obese patients (0.21 mL/kg 6 0.07 [SD]) versus 0.17 mL/kg 6 0.07 [SD], respectively), with a median dose of 0.20 mL/kg and 0.17 mL/kg, respectively.
Adverse Events and Safety
Seventy AEs were observed in 44 patients (0.12%) during MRI examination or during the follow-up after IV administration of gadoterate meglumine ( . No significant differences in gender (P 5 0.428), age distribution (P 5 0.754), and BMI class (<30 versus 30 kg/m 2 ; P 5 0.253) were found between the patients who experienced AEs and those who did not. The frequencies of AEs per MedDRA preferred term and System Organ Class are presented in Table 3 .
None of the patients who experienced AEs had received premedication before IV administration of gadoterate meglumine. Most AEs were mild (47.6%) or moderate (19.0%) in intensity, and most AEs resolved within the reporting timeframe (66.7%). A total of 21 AEs (33.3%) were considered severe and one was considered related to gadoterate meglumine (urticaria in a 39-year-old woman who recovered after treatment).
Among the 70 AEs, 38 (54.3%) in 32 patients (0.09% of all patients) were considered doubtfully or possibly related to gadoterate meglumine and classified as ADRs. The most frequent ADRs were urticaria (9 patients, 0.03%), nausea (7 patients, 0.02%), and vomiting (4 patients, 0.01%) ( Table 3) . One ADR was reported in the pediatric population (0.06%) consisting of vomiting of mild intensity in a 2-year-old girl. There was no statistically significant difference between patients with and without ADRs (Table 4) . Overall, 19 patients with at least one pre-existing risk factor experienced at least one ADR. Differences were found between patients who experienced ADR and those who did not (Tables 2 and  4 ). The presence of at least one of the listed risk factors was more frequently observed in patients with ADR than in patients without ADR (59.4% versus 38.1%; P 5 0.017). Medical history of allergies and previous reactions to CAs were two specific risk factors that were more frequently observed in patients with ADRs than in with patients without ADRs (19.4% vs. 7.3%, P 5 0.023; 12.5% versus 1.1%, P < 0.001; respectively). Six patients with pre-existing allergies experienced one nonserious ADR each consisting of urticaria (3 patients), rash macular (1 patient), warmness (1 patient), and hypersensitivity (1 patient).
Four patients with previous reaction to CAs (one to GBCA and three to iodine-based CAs) experienced five nonserious ADRs consisting of urticaria (2 patients), rash (1 patient), and nausea and vomiting (both in same patient, on the same day).
Nine adult patients (0.03%) experienced serious AEs. Three serious AEs were considered possibly related to gadoterate meglumine. They consisted of renal failure in one patient, and angioedema with erythema occurring on the same day in one patient; both patients recovered. One death 
All reported adverse events were coded in "Preferred term" according to current MedDRA version. One patient could experience more than one ADR. AE 5 adverse event; ADR 5 adverse drug reaction.
was considered as doubtfully related to gadoterate meglumine in a 84-year-old man with a complex medical history including severe impaired renal function and class IV heart failure according to the New York Heart Association, proteinuria, and chronic arterial occlusive disease. This death occurred 9 days after IV administration of 53 mL of 
NSF Suspicion in Patients With Impaired Renal Function
A total of 514 patients with impaired renal function were included in the safety population. In these patients, impaired renal function was moderate in 417/514 (81.1%), severe in 58/514 (11.3%), and end-stage or dialysis in 7/ 514 patients (1.4%), with eCC or eGFR between 30 and 60, between 15 and 30, and <15 mL/min/1.73 m 2 , respectively. Follow-up could be retrieved for 476/514 patients (92.6%). None of them developed NSF or had suspicion of NSF after a mean follow-up of 148 days (up to 996 days). The follow-up duration was 3 months for 316/476 patients (66.4%). Patients with impaired renal function who were excluded from the safety population were also checked for NSF suspicion but none was identified.
Image Quality
Among the 34,572 patients analyzed for MRI efficacy, image quality was good or very good for 34,009 patients (98.8%) ( Table 5 ). Very good quality MR images were more frequent in patients with BMI<30 kg/m 2 compared with patients with BMI30 kg/m 2 (70.7% versus 65.6%, respectively; P < 0.001). MR images of good to very good quality were reported for 99.1%, 98.7%, 99.4%, 95.2%, and 97.5% of patients for CNS, body, musculoskeletal, angiography, and other indications, respectively. Analysis of MR image quality showed that fewer patients in the 0.66 mL/kg dose class had very good image quality (48.0% versus 62.5-72.9% in the lower dose classes; P < 0.001) ( Table 5 ). Good to very good images were reported for 98.0% of patients in the 0.66 mL/kg dose class versus 98.5-99.3% for patients in the lower dose classes (P < 0.001).
A diagnosis was established for 33,921 patients yielding an efficacy rate of 99.0%. No differences in diagnostic efficacy were observed according to age class, gender, BMI, degree of renal impairment, condition of administration, or occurrence of AEs.
Discussion
Our study involving 35,499 patients of all ages is to date the largest prospective study on the safety of gadoterate meglumine that was designed to include patients from a multinational environment. This study confirms the excellent safety profile of gadoterate meglumine. More specifically, the results of this study showed that gadoterate meglumine is a well-tolerated GBCA, with a relatively low incidence of AEs (0.12%). In addition, no cases of NSF were reported, supporting that gadoterate meglumine is associated with a negligible risk of NSF. Moreover, gadoterate meglumine showed high degrees of efficacy considering the high proportion of MRI examinations that allowed reaching a diagnosis and/or that yielded high quality images.
Our study demonstrates that gadoterate meglumine is responsible for AEs that are predominantly mild or moderate in intensity (66.6%) and transient (66.7%). Among the 32 patients with gadoterate meglumine-related AEs, the most common ADRs were urticaria, nausea, and vomiting. In addition, no cases of NSF were observed in the subgroup of patients with renal insufficiency, including 65 patients with an eGRF < 60 mL/min/1.73 m 2 .
Prior reports showed that NSF was observed in renallycompromised patients who had GBCA-enhanced MRI examinations. 19, 20, [22] [23] [24] Such category of patients consisted of 514 patients in our study. Although no fully and definitely elucidated cases of NSF secondary to IV administration of gadoterate meglumine have been observed in our study or reported in the literature so far, 25 we recommend caution for renally impaired patients who are scheduled to undergo IV administration of gadoterate meglumine. 26 In this regard, screening for NSF risk should not be disregarded or omitted. 23 Our results in terms of AEs favorably compare with those of Ishiguchi and Takahashi. 11 In their prospective study involving 3444 patients from 127 Japanese institutions, 40 AEs were reported in 32 patients, yielding an overall incidence of AEs of 1.16% on a per-AE basis and of 0.929% on a per-patient basis. 11 Ishiguchi and Takahashi reported AEs of mild intensity in 36/40 AEs (90%) and moderate in 4/40 AEs (10%). The most frequent AEs were gastrointestinal, skin, and subcutaneous tissue disorders. 11 Herborn et al reported minor AEs in 94/24,308 patients (0.4%), including nausea, vomiting, feeling of warmness, and taste alteration. 14 In the multicenter study by Maurer et al involving 84,621 patients from 129 German institutions, 421 AEs were reported in 285 patients yielding an AE rate of 0.34%. 12 Oudkerk et al observed minor AEs in 0.97% of patients in their study involving 1038 patients. 17 In the pediatric population, we observed only one ADR (0.06%), consistent with prior results. 27 Balassy et al have analyzed the results of seven clinical trials and six postmarketing studies performed with gadoterate meglumine. 27 They found among a total of 3,810 pediatric patients, 20 AEs in 10 patients; 7 of them were considered as ADRs to gadoterate meglumine, for an overall incidence of 0.262% for AEs and 0.184% for ADRs on a per-patient basis.
In our study, only nine patients experienced serious AEs. In the study by Ishiguchi and Takahashi, no patients experienced serious AEs, probably because of the limited population size. 11 In the study by Maurer et al, only eight patients (<0.01%) had serious AEs with a favorable outcome. 12 Herborn et al have reported the occurrence of anaphylactic shock in only 1/24,308 patients (0.004%) after IV gadoterate meglumine with a favorable outcome. 14 We found an overall diagnostic efficacy rate of 99% for MRI examinations using gadoterate meglumine, consistent with prior studies (99.5-99.7%). 11, 12, 14 In addition, image quality was good or excellent in 98.8% of patients, consistent with the results of Herborn et al 14 and Maurer et al. 12 Regarding image quality and given dose, we observed that best image quality was reported for patients who received recommended doses of gadoterate meglumine (0.18-0.66 mL/kg) and not for those who received greater doses. This result is of importance, because GBCAs are often used with greater doses than those that are recommended. 28 Our results suggest that high doses do not improve image quality.
In our study, we addressed the issue of AEs due to gadoterate meglumine and we also aimed to determine if individual patient variables may predict the occurrence of AE. Ishiguchi and Takahashi found in a retrospective study that several variables including patient general condition, liver disease, renal disorder, concomitant treatment with a variety of drugs and high liquid dose of gadoterate meglumine were significantly associated with AEs. 11 In our prospective study, the dose of gadoterate meglumine did not affect the incidence of ADRs. No specific demographic characteristics were associated with a higher risk of ADR to gadoterate meglumine.
Our study has several limitations. First, many patients with renal insufficiency did not receive gadoterate meglumine because at many participating centers local policies recommend performance of unenhanced MRI examinations in patients with renal impairment. However, a prerequisite of our study was to not alter local practices to best reflect the actual rate of AEs and ADRs. Second, because of the low incidence of NSF, it may be argued that our study population might have been too small to detect cases of NSF. Third, studies have reported that the time interval between GBCA administration and the onset of NSF ranges between <10 days and up to 68 months. [19] [20] [21] [22] [23] [24] 29, 30 It may be thus argued that the follow-up duration in our study may be not long enough to definitely exclude any case of NSF that appeared late. However, the majority of reported cases of NSF have developed less than 3 months after GBCA administration. 24, 29 Finally, in our study, we did not compare gadoterate meglumine with other GBCAs.
In conclusion, the efficacy results of our study in conjunction with an acceptable and transient AE profile indicate that gadoterate meglumine is a safe and effective GBCA when intravenously administered in adults and children for MRI examination.
